Exoplanetary systems closest to the Sun, with the brightest host stars, provide the most favorable opportunities for characterization studies of the host star and their planet(s). The Transit Ephemeris Refinement and Monitoring Survey uses both new radial velocity measurements and photometry in order to greatly improve planetary orbit uncertainties and the fundamental properties of the star, in this case HD 130322. The only companion, HD 130322b, orbits in a relatively circular orbit, e = 0.029 every ∼10.7 days. Radial velocity measurements from multiple sources, including 12 unpublished from the Keck I telescope, over the course of ∼14 years have reduced the uncertainty in the transit midpoint to ∼2 hours. The transit probability for the b-companion is 4.7%, where M p sin i = 1.15 M J and a = 0.0925 AU. In this paper, we compile photometric data from the T11 0.8m Automated Photoelectric Telescope at Fairborn Observatory taken over ∼14 years, including the constrained transit window, which results in a dispositive null result for both full transit exclusion of HD 130322b to a depth of 0.017 mag and grazing transit exclusion to a depth of ∼0.001 mag. Our analysis of the starspot activity via the photometric data reveals a highly accurate stellar rotation period: 26.53±0.70 days. In addition, the brightness of the host with respect to the comparison stars is anti-correlated with the Ca II H and K indices, typical for a young solar-type star.
INTRODUCTION
Studying the ephemerides, or orbital parameters, of nearby planets is one of the oldest sub-fields in astronomy. It took nearly 1500 years for a new celestial model to supplant Ptolemy's stationary, geocentric system specifically because, through the use of a number of clever maneuvers (equants, epicycles, and deferents), he was able to accurately predict the motion of the Solar System planets (Gingerich 1997) . And it was precisely because Copernicus' heliocentric model did not predict accurate planetary phenomena that nearly 100 years passed before the theory was generally accepted by the scientific community. With the purpose of improving orbital uncertainties and fundamental properties of the host star, the Transit Ephemeris Refinement and Monitoring Survey (TERMS) team seeks to characterize individual nearby planetary systems (Kane et al. 2009 ).
The giant planet around HD 130322, a K0 star, was first detected by Udry et al. (2000) using the radial velocity (RV) technique via the CORALIE echelle spectrograph. They reported the period of the planet was P = 10.720 ± 0.007 days, m sin i = 1.02 M J , and eccentricity of e = 0.044 ± 0.018. The planet was later confirmed by , who observed an additional 12 RV measurements using Keck and determined that the period was P = 10.70875 ± 0.00094 days, m sin i = 1.089 M J , and an eccentricity of e = 0.025 ± 0.032. The giant planet was further observed by Wittenmyer et al. (2009) using both the Hobby-Eberly Telescope (HET) and the Harlan J. Smith telescope. They found the combination of all four datasets produced a large root-meansquare (rms) variability of 14.8 m s −1 and an anomalous periodicity at 35 days, specifically due to CORALIE data. Their orbital parameters, without the RV measurements by Udry et al. (2000) , found P = 10.7085±0.0003, m sin i = 1.04 ± 0.03 M J , and e = 0.011 ± 0.020. Because of the small eccentricity, Trilling (2000) was not able to put a lower bound on the mass of the planet as determined by tidal constraints, only an upper limit of 43.8 M J . Observations using the Spitzer infrared spectrograph by Dodson-Robinson et al. (2011) resulted in the detection of a debris disk around the host star.
Here we present our complete RV data set from a number of sources (including those mentioned above in addition to previously unpublished measurements from the 10m Keck I telescope) that has a time baseline of ∼14 years, discussed in §2. The analysis of the Keplerian orbital solution of these data produce refined orbital ephemeris for the host star HD 130322, with a predicted transit depth of 1.57%, and 1σ transit window of 0.329 days ( §3). In §4, we determine the differential magnitude of the host star with respect to multiple comparison stars in order to better understand seasonal and nightly brightness fluctuations. The evaluation of starspot variability ( §4.1) allows us to calculate a stellar rotation period, while understanding the stellar magnetic activity ( §4.2) gives us insight into the age of HD 130322.
HOST STAR PROPERTIES
The HD 130322 system has been monitored via the RV technique several times in the past. We provide a complete RV data set that consists of 118 measurements acquired with CORALIE at the 1.2m EulerSwiss telescope (Udry et al. 2000) , 35 measurements acquired with the 2.7m Harlan J. Smith telescope and the High Resolution Spectrograph (HRS) on the HET (Wittenmyer et al. 2009) , and 24 measurements acquired with the HIRES echelle spectrometer on the 10m Keck I telescope , the most recent 12 of which are previously unpublished.
‡ ‡ We use this combined data set (shown in Table 1 ) in order to calculate the fundamental properties of the star as well as the Keplerian orbital solution of the planet.
Fundamental Parameters
We derive the host star properties by fitting the high resolution HIRES, HRS, and CORALIE data with Spectroscopy Made Easy (Valenti & Piskunov 1996) , or SME, via the wavelength intervals, line data, and technique of Valenti & Fischer (2005) .
We applied the revised Hipparcos parallaxes (van Leeuwen 2007) to the Valenti et al. (2009) methodology as well as surface gravity from a Yonsei-Yale stellar structure model (Demarque et al. 2004) . As a result, the fundamental stellar parameters are listed in Table 2 , where Vmagnitude and distance were determined by Hipparcos, B − V from Tycho-2, while effective temperature, surface gravity, projected rotational velocity, stellar mass, and stellar radius were a result of SME. The high precision of the stellar radius, namely R * = 0.85±0.04 R ⊙ , is important when determining the depth and duration of a possible planetary transit. As a comparison to the SME result, the stellar radius was determined using the Torres relation (Torres et al. 2010 ): R * = 0.88±0.04 R ⊙ . We have also conducted an empirical surface brightness calculation per Boyajian et al. (2014) which averages the V − J, V − H, and V − K surface brightness relations, resulting in an angular diameter of 0.252 ± 0.006 mas. Folding in the parallax and error, the radius is 0.89±0.04 R ⊙ . All three of these techniques show a very strong consensus for both the stellar radius and error of the host star. The iron abundance, [Fe/H] , as determined by SME, as well as other element abundances, will be discussed in §2.2.
While our results are consistent with a typical K-type star (Boyajian et al. 2012) , we note the differences between stellar properties in Udry et al. (2000) , namely, their Table 1 and our Table 2 . We have used the updated Hipparcos (van Leeuwen 2007) catalog, which may account for the varying B − V and distance determinations; they cited B − V = 0.781 and the distance to be ‡ ‡ Based on observations obtained at the W. M. Keck Observatory, which is operated jointly by the University of California and the California Institute of Technology. Keck time has been granted by the University of Hawaii, the University of California, Caltech, and NASA.
29.76 pc. Our effective temperature, 5387 ± 44, is also +50 K above their referenced temperatures. Mena et al. (2010) . Due to the proximity of the host star to the Sun, 31.54 pc, a wide variety of elements have been measured within HD 130322, from α-type to neutron-capture. Using the same analysis as seen in Hypatia Catalog (Hinkel et al. 2014) , we renormalized the abundance measurements for each dataset to the same solar scale (Lodders et al. 2009 ) and then determined the maximum measurement variation between the groups, or the spread, to quantify the consistency of the abundances. When analyzing the abundances in the Hypatia Catalog, element measurements were only considered where the spread was less than the respective error bar associated with that element, or where group-to-group variations were small, and then the median value was used. For HD 130322, [Fe/H] = 0.12 dex, however the spread between the groups was 0.23 dex. In other words, the iron ratio was not agreed upon by the various groups, where the renormalized Ecuvillon et al. (2004) 
KEPLERIAN ORBIT AND TRANSIT EPHEMERIS
We fit a Keplerian orbital solution to the RV data (shown in Table 1) using the partially linearized, leastsquares fitting procedure described in Wright & Howard (2009) with parameter uncertainties estimated using the BOOTTRAN bootstrapping routines from Wang et al. (2012) . The resulting Keplerian orbital solution is shown in Table 3 , where the stellar parameters for the host star described in Section 2 and summarized in Table 2 were used to determine the minimum mass and semi-major axis of the planet. The phased data and residuals to the fit are shown in Fig. 1 . We find the offsets to be 24.3, 24.7, -27.2, and -23.6 respectively. Regarding the CORALIE data, the median velocity value was subtracted from the data and the velocities were converted from km/s to m/s, which were then used to calculate the offsets with respect to the HET's HRS data. The fit including the CORALIE data has a χ 2 red = 1.35 and RMS = 14.6 m s −1 . Without the CORALIE data, these numbers change to 1.46 and 8.67, respectively. However, the time baseline of the CORALIE data significantly improves the determination of the orbital period so our fit includes these data for the subsequent analysis. 31.54 ± 1.18 Hipparcos T eff (K) 5387 ± 44 SME log g 4.52 ± 0.06 SME v sin i (km s −1 ) 0.5 ± 0.5 SME M * (M ⊙ ) 0.92 ± 0.03 SME R * (R ⊙ ) 0.85 ± 0.04 SME The lack of a linear trend over a long period time in Fig. 1 opens up the possibility to constrain the presence of additional companions in the HD 130322 system. If m sin i is the "minimum mass" (accounting for inclination) then we can also consider the minimum value that m sin i could possibly have given a linear trend that persists over time (the "minimum minimum mass"), which is described in detail Feng et al. (2015) . Given that we only have an upper limit on a trend, we have measured the maximum value that the minimum m sin i could take, or the "maximum minimum minimum mass" (M mmm). We use BOOTTRAN to find the 1σ maximal value of the linear velocity over ∼14 years, where |dv/dt| = 0.0047 m/s/day = 1.716 m/s/yr. In addition to the values from Table 2 , we employ Equation 1 in Feng et al. (2015) to calculate M mmm = 1.83M J as an upper-bound for a possible additional companion in the HD 130322 system. Finally, we use the revised orbital properties of the planet described above to derive the predicted transit properties. The predicted time of mid-transit produced by the Keplerian orbital solution is T c =16745.594±0.085 (see Table 3 ). Since the orbit is close to circular, the eccentricity has a negligible effect on the transit properties (Kane & von Braun 2008) . Using the mass-radius relationship of Kane & Gelino (2012) , we adopt a radius of the planet of R p = 1.0R J . These combined parameters for the planet result in a transit probability of 4.7%, a predicted transit duration of 0.16 days, and a predicted transit depth of of 1.57%. The size of the 1σ transit window is 0.329 days which can be adequately monitored in a single night of observations (Kane et al. 2009 ). F2 ). In the initial 2001 observing season, we found that our original comparison star C3 was a low-amplitude variable, so we replaced it with HD 132932 in 2002. Therefore, we have only two comparison stars, C1 and C2, in common for all 14 observing seasons, whereas seasons 2-14 have in common the three comparison stars given above. Like the other telescopes operated on site by Tennessee State University, the Strömgren b and y bands are separated and concurrently measured by a photometer with two-channel precision, a dichroic filter, and two EMI 9124QB bi-alkali photomultiplier tubes (Henry 1999) .
We compute the six permutations of the differential Table 1 , resulting in the fit parameters shown in Table 3 . The typical internal error bars for each data point are plotted. Left: RV data phased on the best-fit solution, where the origin of the data is indicated by the different symbols, shown in the figure. Right: Residual velocities with respect to the fitted orbital solution, with the same symbols as the left-side panel.
magnitudes of the four stars in a combinitorical fashion, namely P − C1, P − C2, P − C3, C3 − C1, C3 − C2, and C2 − C1. The magnitudes are then corrected for extinction due to the atmosphere and transformed to the Strömgren system, such that the differential b and y observations are combined into a single (b + y)/2 band, indicated with the subscript by. To achieve the maximum possible precision, we also combine the three comparison stars to determine the differential magnitudes of HD 130322 with respect to the mean brightness of the comparison stars. The precision of the individual differential magnitudes P − (C1 + C2 + C3)/3 by ranges between ∼ 0.0010 mag and ∼ 0.0015 mag on clearer nights, as determined from the nightly scatter of the comparison stars. Further details can be found in Henry (1999), Eaton et al. (2003) , and references therein.
The 1470 individual P − (C1 + C2 + C3)/3 by differential magnitudes computed from the 13 observing seasons (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) are plotted in the top panel of Fig. 2 . The observations are normalized so that all 13 seasons have the same mean as the first season 2002, indicated by the horizontal line in the top panel, to remove seasonto-season variability in HD 130322 caused by a possible starspot cycle (see below). The normalized nightly observations scatter about their grand mean of 1.02748 mag with a standard deviation of σ = 0.00331 mag, which is more than a factor of two larger than the ∼ 0.0010 -∼ 0.0015 mag measurement precision, which suggests HD 130322 has nightly low-amplitude variation.
The normalized differential magnitudes from the last 13 observing seasons are shown in Fig. 2 (middle panel) , where they are phased with the planetary 10.7 day orbital period and the mid transit time (T c ) given in Table  3 . A fit using a least-squares sinusoid provides a photometric semi-amplitude of 0.00023 ± 0.00011 mag and places a one milli-magnitude (0.001 mag) upper bound on the brightness variability of the host star. In addition, per similar results found in Queloz et al. (2001) , Paulson et al. (2004) , and Boisse et al. (2012) , we dismiss the possibility that jitter induced stellar activity can account for the 10.7-day RV fluctuations. The constancy of the photometric measurements reveals the true planetary reflex motion seen in the RV variations of HD 130322 is a result of the orbiting planet.
A closer view of the predicted transit window is shown in the bottom panel of Fig. 2 , plotted with an expanded abscissa. Similar to the middle panel, the solid curves shows the predicted central transit, phased at 0.0, for a duration of 0.16 days or ∼ 0.015 units of phase and a depth of 1.57% or ∼ 0.017 mag. These values were determined using the stellar radius (Table 2 ) and orbital ephemeris of the planet (Table 3 ). The ±1σ uncertainty in the transit window timing, as determined by the error bars for both the stellar radius (Table 2) and the improved orbital ephemeris (Table 3) , is indicated by the vertical dotted lines. There are 1405 observations that lie outside the predicted transit window, which have a mean of 1.027490 ± 0.000089 mag. The 65 observations that fell within the transit window have a mean of 1.027278 ± 0.000303 mag. The difference in these two light levels is our "observed transit depth," −0.00021 ± 0.00032 mag, consistent to four decimal places. Thus, we are able to rule out full transits, a dispositive null result, with a predicted depth near 0.017 mag and also grazing transits near the predicted time to a depth of ∼0.001 mag.
Starspot Analysis
Given that the scatter of 0.00331 mag in the normalized data set of Fig. 1 is significantly larger than the observation precision, we suspect low-amplitude, nightto-night starspot variability in HD 130322. Inspection of the top panel of Fig. 2 reveals differences in the amount of scatter from year to year that could also be caused by starspot activity. A solar-type star's rotation period may be determined from the rotational modulation of starspots on the photosphere by measuring the variation in stellar brightness per Simpson et al. (2010) . In addition, starspots can resemble an orbiting planet by generating periodic RV fluctuations . Therefore, to determine the behavior of potential starspots, we analyzed all 13 seasons of normalized photometry using a periodogram analysis. While lowamplitude (0.002-0.017 mag) periodic brightness fluctuations were found during each season, there was no unusual periodicity for the yearly C2−C1 comparison stars. The frequency spectrum for the penultimate 2013 observing season is shown in the top panel of Figure 3 , while the phase curve is given in the bottom panel.
Results of our complete seasonal period analyses are given in Table 4 . Here we include the first observing season from 2001, in which comparison star 3 was later found to be variable and was replaced for the subsequent seasons, as previously mentioned. The period analysis of season 1 (2001) is therefore based on differential magnitudes computed as P − (C1 + C2)/2 by . Another minor caveat should be noted for the 2004 and 2011 observing seasons. In both cases, the first harmonic of the rotation period was found to have a slightly higher peak than the rotation period. For these two seasons, we estimated the rotation periods and their uncertainties by doubling both values. The mean of the 12 rotation periods, excluding 2004 and 2011, is 26.53 days. The individual rotation periods scatter about that mean with a standard deviation of 2.44 days, and the standard de- The peak-to-peak amplitude of 0.011 mag shows coherent variability, which may be due to the rotational modulation of starspots, and low noise around the trend. All 14 observing seasons exhibit similar modulation (see Table 4 ).
viation of the mean is 0.70 days. Therefore, we determine that 26.53 ± 0.70 days is our most accurate calculation for the star's rotation period, which matches well with the rotation period derived by Simpson et al. (2010) , or 26.1 ± 3.5 days, from the first six seasons of our APT data set. We note the significantly smaller uncertainty in our determination due to the greatly extended 14 year baseline. We found typical starspot-filling factors of one percent or less in Column 6 of Table 4 , where the peak-to-peak amplitudes for each season range from 0.002-0.017 mag. Because the stellar rotation period of 26.53 days is more than a factor of two from the 10.7 day planetary RV period and harmonics, in addition to the small impact from starspots, we find that the 10.7-day planet could not be the result of stellar activity.
Examining the stellar rotation with respect to inclination, we first assume that the inclination of rotation axis for HD 130322 is close to 90
• , in which case the stellar radius (0.85 M ⊙ ) and v sin i (0.5 km s −1 ) predict a stellar rotation period of ∼ 85.5 days. Because this value is over three times longer than our observed value of P rot = 26.53 days, the logical conclusion is that the stellar rotation axis must have a low inclination and a low planetary transit probability. However, if we substitute the value of v sin i = 1.61 km s −1 from , the predicted rotation period is 26.55 days, identical to our observed rotation period within the uncertainties. This implies a very high inclination near 90
• and, therefore, a high probability of transits. Unfortunately, our photometry unambiguously rules them out.
Magnetic Activity
To look for evidence of magnetic cycles in HD 130322, we analyze the variability in the Ca II H and K indices, both proxies for stellar magnetic activity (Baliunas et al. 1995; Lockwood et al. 2007) , and APT photometry over the entire observing period. These magnetic cycles could potentially resemble the period of a long-period planet within the RV data. At the top of Fig. 4 , we show the seasonal means for the Mount Wilson S-index as determined from the Keck I RV spectra, described in Wright et al. (2004) ; Isaacson & Fischer (2010) . While we do not have the Keck H and K (or RV) measurements for all 13 of our photometric observing seasons, there is notable variability on the order of several years. The middle two panels show the seasonal mean of HD 130322 (P) varying with respect to the two comparison stars (C1 and C2) throughout the 14-year observations without normalization (Table 4 ). The horizontal dotted line indicates the standard deviation of each seasonal mean as compared to the grand mean, given numerically in the lower right corner. The range in magnitude of the seasonal mean is printed in the lower left corner. The brightness curves in the middle of Fig. 4 show HD 130322 varying on the order of multiple mmag with respect to both of the comparison stars. Similarly, the yearly average of the comparison stars C2 − C1 is given in the bottom panel, with a very small standard deviation of 0.0005 mag. Since the comparison stars demonstrate photometric stability over the 13 observing seasons, the fluctuations seen in middle two panels must be intrinsic to the host-star HD 130322.
The variations in H and K and APT observations plotted in Fig. 4 appear to be cyclic. Analyses of the yearly means for the Ca II indices, P − C1, and P − C2 using a least-squares, sine-fit periodogram results in the same periods to within uncertainty: 5.22 ± 0.16, 5.19 ± 0.20, and 5.1208 ± 0.22 yr, respectively. These amplitudes and timescales for HD 130322 are similar to previously monitored long-term cycles of solar-type stars (see Henry 1999; Lockwood et al. 2007; Hall et al. 2009 ). Figure 4 reveals that HD 130322's brightness variability is anti-correlated with the strength of its H and K emission, as is common among young, lower-mainsequence dwarfs. For example, Lockwood et al. (2007) demonstrate the difference in behavior between young, solar-type stars with light curves dominated by dark spots and old solar-type stars with light curves dominated by bright faculae. In the young stars, photometric variability exhibits an inverse (or negative) correlation with chromospheric activity. In older stars, brightness variability and chromospheric activity exhibit a direct (or positive) correlation. Our Sun exhibits clear direct correlation between total solar irradiance and Ca II H and K emission (see Fig. 2 in Lockwood et al. 2007 ). Lockwood et al. (2007) estimate the dividing line between spot-dominated and faculae-dominated bright- ness variations to be around log R ′ HK = −4.7. The original discovery paper of HD 130322b by Udry et al. (2000) quoted a log R ′ HK value of -4.39 from Santos et al. (2001) , corresponding to an age of only 0.35 Gyr and a rotation period of approximately 9 days, according to the calibrations in (Wright et al. 2004 ). This predicted rotation period is much shorter than our observed P rot = 26.53 days. By way of comparison, Wright et al. (2004) demonstrate that the correlation between chromospheric activity and stellar brightness in the G8 dwarf HD 154345 is positive, despite its similar properties to HD 130322. However, the log R ′ HK value of HD 154345 is -4.91 compared to -4.78 for HD 130322, which shows it to be much older than HD 130322 so that a positive correlation is expected. a Periodogram analysis gave half of the quoted period, suggesting that the star had spots on both hemispheres at those epochs. We doubled the photometric periods and their errors in these cases to get Prot.
CONCLUSIONS
Accurately determining the properties of planetary systems is extremely important as we move towards characterizing the thousands of exoplanets that are now confirmed. It is only through understanding the host star that we are able to precisely measure the properties of the orbiting planet(s), which fuels both dynamic formation and evolution models. Through the Transit Ephemeris Refinement and Monitoring Survey (TERMS), we have studied HD 130322 because of the extensive RV coverage offered by HIRES, HRS, and CORALIE over the last ∼14 years. The new and combined data has allowed us to determine a highly precise stellar radius of 0.85±0.04 R ⊙ , resulting in an updated Keplerian orbital solution to significantly limit the orbital dynamics of the b-planet. Through an extensive ∼14 year photometric baseline at the APT, we carefully monitored the planetary phase during the predicted transit window, which did not reveal any long-term variability of the host-star due to the presence of a companion. The HD 130322b planet had a transit probability of 4.7% at a depth of 1.57%. Significant observations during the predicted transit window yielded a dispositive null result excluding a full transit to a depth of 0.017 mag and grazing transit to ∼0.001 mag. We were able to quantify the stellar rotation period with an unprecedented accuracy (26.53±0.70 days) by using the extensive photometric coverage. The variation in differential magnitudes between the target and reference stars, as compared to the Mt. Wilson S-indices, also allowed us to better understand the stellar magnetic activity. However, the characterization of the HD 130322 planetary system was only possible through the coming together of both collaborators and techniques, such that we were able to greatly improve the ephemeris of this system. The TERMS project consistently and systematically provides accurate characterization of bright, nearby planetary systems, forwarding the understanding of exoplanets and their host stars in general.
